Internalization of tight junction (TJ) proteins from the plasma membrane is a pivotal mechanism regulating TJ plasticity and function in both epithelial and endothelial barrier tissues. Once internalized, the TJ proteins enter complex vesicular machinery, where further trafficking is directly dependent on the initiating stimulus and downstream signaling pathways that regulate the sorting and destiny of TJ proteins, as well as on cell and barrier responses. The destiny of internalized TJ proteins is recycling to the plasma membrane or sorting to late endosomes and degradation. This review highlights recent advances in our knowledge of endocytosis and vesicular trafficking of TJ proteins in both epithelial and endothelial cells. A greater understanding of these processes may allow for the development of methods to modulate barrier permeability for drug delivery or prevent barrier dysfunction in disease states.
Introduction
Barrier-forming epithelial cells and endothelial cells (i.e., the cerebral endothelial cells that form the blood-brain barrier) have tight junctions (TJs) that greatly limit paracellular diffusion. TJ complexes are large, multimeric, and highly elaborate structures, arranged as a series of multiple anastomosing strands localized to the cell lateral membrane to completely seal the intercellular cleft.
1,2 Structurally, such complexes are composed of three components. 1 The first are the transmembrane adhesion proteins occludin, the claudins (e.g., claudin-1, -3, and -5), tricellulin and MarvelD2 (TAMPproteins), and an IgG type of protein, junctional adhesion molecules (JAM-A, -B, and -C) ESAM and CAR, which physically interact with their counterparts on the plasma membrane of adjacent cells. 3, 4 It should be noted that some selected claudins (e.g., claudin-2) are pore-rather than a Current affiliation: Knapp Center for Biomedical Discovery, University of Chicago, Chicago, Illinois. barrier-forming. 5 A second TJ complex component involves the cytoplasmic plaque proteins (e.g., ZO-1, ZO-2, ZO-3, afadin-6, cingulin, 7H6, Par3, Par6, PKC ) that provide a link between transmembrane proteins and the actin cytoskeleton and participate in intracellular signaling. 6, 7 A third component is the actin cytoskeleton, which provides essential physical support for the complex. 8, 9 The morphological appearance and properties of the TJ complex in tissue barriers suggest a very stable and rigid seal of the paracellular space. However, recent observations challenge this belief, suggesting that the TJ complex is a very dynamic structure capable of responding to various biochemical and mechanical stimuli through reshaping and remodeling. In general, as with other protein complexes, two mechanisms are indicated as predominantly regulating the dynamics of TJ proteins: diffusion and endocytosis.
Diffusion is the dynamic movement of proteins in steady-state conditions as well as, to some degree, under certain external stimuli when rapid remodeling of protein complexes is required. In the case of doi: 10.1111/nyas.13346 the TJ complex, diffusion may take place within the plasma membrane. 10 In contrast, endocytosis is an active process by which cells absorb molecules by engulfing them with their cell membranes. An extensive cellular machinery is needed to mediate the formation of membrane transport vesicles to enable the internalization, fusion with endosomes, and entry into the endolysosomal membrane system. The process is tightly regulated by a variety of enzymes, adaptor and motor proteins, signaling molecules (small G proteins), and the actomyosin cytoskeleton. [11] [12] [13] Endocytosis is mostly implicated in the response to external stimuli, although it can occur under steadystate conditions as a process for TJ protein turnover. Recent evidence also indicates that endocytosis is a cell signaling event, signaling that is resolved in space and time. 11, 12 Thus, TJ protein/complex endocytosis is a key regulator of other cell-cell interactions, barrier properties, and remodeling.
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Endocytosis pathways for TJ proteins
The initial step in the endocytosis pathway is the internalization of membrane-located proteins. There are several routes involved in such internalization. The general division includes two types of endocytosis: clathrin dependent and clathrin independent. The latter includes lipid raft-dependent and lipid raft-independent endocytosis. Lipid raft-dependent endocytosis includes caveolaeflotillin-, GTPase regulator associated with focal adhesion kinase-1-, adenosine diphosphateribosylation factor 6 (Arf6)-, and RhoA-dependent endocytosis. Non-raft-dependent endocytosis includes macropinocytosis. 12 Clathrin-dependent internalization is mediated by small clathrin-coated vesicles formed in plasma membrane domains termed clathrin-coated pits. Plasma membrane phosphatidylinositol-(4,5)-bisphosphate (PIP 2 ), adaptor proteins, and clathrin have essential roles in forming vesicles, whereas the GTPase dynamin is involved in budding the vesicles off of the plasma membrane. 17, 18 In epithelial cells, clathrin-mediated endocytosis is critical for the removal of transmembrane TJ (claudins, occludin, and JAM-A) proteins from the plasma membrane, causing TJ complex dissociation. Examples include mAChR-mediated internalization of claudin-4 in submandibular epithelial (SMG-C6) cells; 19 TGF-␤3-induced uptake of JAM-A and occludin in Sertoli cells; 20, 21 claudin-1 and peptide C21C2 (from the C-terminal half of claudin-1 s first extracellular loop) uptake in human embryonic kidney (HEK)-293 cells; 22 poly-l-arginine-induced internalization of occludin, ZO-1, claudin-4, and tricellulin in Caco-2 cells; 23 epidermal growth factor-induced, clathrin-dependent internalization of claudin-2 in Madin-Darby canine kidney (MDCK) cells; 24 
Ca
2+ -induced occludin, JAM-1, ZO-1, and claudin-1 and -4 uptake in colonic (T84) epithelial cells; 25 hepatitis C virus particle-mediated/facilitated internalization of claudin-1 and occludin; [26] [27] [28] occludin internalization in MDCK cell migration during epithelial wound healing; 29 and hypotonic stressinduced endocytosis of claudin-1 and -2 in renal tubular epithelial cells (Table 1) . 30 Caveolae-mediated internalization occurs in cell membrane microdomains: the membrane/lipid rafts. Caveolae are plasma membrane flask-like invaginations containing the coat protein caveolin-1 (Cav-1). Phosphorylation of Cav-1 (on Tyr14 residues) triggers the formation and fusion of caveolae. 12, 31 Caveolae-mediated internalization is considered to be the predominant form of TJ endocytosis in endothelial cells. For example, it is involved in the internalization of occludin and claudin-5 upon exposure to the chemokine CCL2 in brain endothelial cells; 32 acute brain endothelial barrier injury during subarachnoid hemorrhage and claudin-5, JAM-1, occludin, and ZO-1 degradation; 33 claudin-5 internalization in acute ischemic brain endothelial injury (murine stroke model); 34 and Tat-induced alterations in occludin, ZO-1, and ZO-2. 35 It is also involved in some cases in epithelial cells, such as TNF-␣-induced occludin internalization in enterocytes 36 and in MDCK cells; 37 claudin-2, -3, -4, and -7 internalization in enterocytes; 38 coxsackievirusinduced internalization of occludin in Caco-2 cells; 39 Escherichia coli cytotoxic necrotizing factor-1 or IFN-␥ -and LIGHT (lymphotoxin-like inducible protein that competes with glycoprotein D for herpes virus entry on T cells)-mediated endocytosis of occludin in intestinal epithelial cells; 40, 41 and high glucose-induced claudin-1 and occludin internalization in retinal pigment epithelial monolayers (Table 1) . 42 Macropinocytosis is the invagination and ruffling of the cell membrane to form a pocket-like structure through the polymerization of actin filaments. 43 It forms a vesicle for large cargo (>1 m) and is mostly involved in the uptake of extracellular fluid and molecules. Macropinocytosis shares some interfaces with caveolae but also requires unique machinery, including Ras GTPase, phosphatidylinositol (3,4,5)-trisphosphate (PIP 3 ) enzymes, sorting nexin (SNX) family (SNX5) adaptors, and motor proteins. [44] [45] [46] There is prevalent macropinocytosis in IFN-␥ -induced disassembly of TJs and bulk uptake of occludin, claudin, and JAM-A in epithelial barrier disassembly in inflammatory bowel disease. 47 Similarly, chemokine CCL2-induced relocalization of JAM-A also involves macropinocytosis. 48 Coxsackievirus modulates barrier function and occludin internalization by macropinocytosis in concert with caveolae-mediated endocytosis. 39 Among the other processes potentially involved in TJ protein internalization, only flotillin-dependent internalization has shown a close association with TJ transmembrane protein uptake. 12, 49 That form of endocytosis is lipid raft dependent, but the vesicles contain flotillin-1 (Reggie-2) and -2 (Reggie-1) proteins rather than Cav-1.
12,49 Such internalization is regulated by the Src family kinase Fyn 50 and is involved in the internalization of occludin and ZO-1 in enteropathogenic E. coli (EPEC)-induced barrier dysfunction and in IFN-␥ -treated Caco-2 cells. 51, 52 It is also involved in the internalization of occludin; claudin-1, -3, -5, and -8; and ZO-1 that occurs in 2,4,6-trinitrobenzenesulfonic acid-induced colitis in rats. 53 Although flotillin and caveolin have distinct localizations and do not physically associate, flotillin and caveolin may cooperate in controlling internalization. 54 Thus, caveolin-and flotillin-dependent TJ protein internalization involves an interplay between these two pathways.
Endocytic trafficking and sorting of TJ proteins
After internalization, TJ proteins continue to move through dynamic and interconnected membranebound endosome compartments. Those compartments allow the collection, sorting, and transfer of cargoes (e.g., TJ proteins) to their final destinations. These vesicles play an essential role in regulating cell surface molecule expression, spatial restriction of signaling, and control of signaling fate. 12, 13 Endosomes are identified as being early, late, or recycling based on luminal pH, alterations in phosphatidylinositol lipids, and differential recruitment and activation of members of the Ras superfamily of monomeric G proteins (Rab-GTPases), as well as a member of the ADP ribosylation factors (ARFs) family of small GTPases, like Arf1 or Arf6. 12, 13 Established routes of endocytotic sorting include the collection of cargo in early endosomes and their further redirection toward four main pathways: recycling, recycling by bulk membrane flow, degradation, or transport to the trans-Golgi network (TGN) (Fig. 1) .
So far, the endocytic sorting process has been dissected in the greatest depth for clathrin-dependent endocytosis. However, a growing body of evidence suggests that multiple and functionally distinct types of internalization merge to the same vesicular tools and have the same sorting processes. Some early studies reported that, after caveolae internalization and micropinocytosis, cargo was collected in caveosomes and macropinocytotic vesicles. From caveosomes and macropinosomes, cargo was directly delivered to late endosomes, bypassing the early endosomes. 12, 55, 56 However, this has recently been challenged. Caveosomes and macropinosomes are now considered as transformation steps of internalized vesicles toward early endosomes, where all postinternalization sorting decisions are made. 12, 31, 57 Early endosomes: a center of sorting Early endosomes (Rab5 + , EEA1 + , phosphoinositide kinase Vps34 + , and enriched in phosphatidylinositol 3-phosphate PI(3)P) represent the central sorting station for cargo. Early endosome formation is a two-step process. There is an initial step involving the fusion of internalized vesicles/cargo and accumulation, until an ill-characterized switch limits further progress. There is then maturation of the endocytic vesicles--the actual sorting process. 12, 13, 58, 59 Sorting is an active and complex process directly dependent on the physicochemical characteristics of the vesicles themselves (pH and endosomal geometry), the cargo (sorting signals encoded within the amino acid sequences of C-termini, such as lipid-binding motifs like BAR domain-containing proteins and nexin family (SNXs)), and supporting and signaling molecules, which include adaptor proteins (i.e., APPL1, APPL2); membrane proteins, such as soluble NSF attachment protein receptors (SNAREs), involved in fusion events in membrane trafficking; and PtdIns3P kinase, VASP34, Rab subfamily GTPases (Rab5, Rab5 effector Rabenosyn-5, Rab4), which enable and facilitate sorting decisions (Fig. 1) . 58, 60, 61 An important regulator of sorting that needs to be highlighted is the Rab family of small GTPases. The members of this large family of small GTPases (ß60 members in humans), together with supporting molecules (coat components, motors, and SNAREs), serve as multifaceted organizers of membrane trafficking. 62 Rab proteins localize to the membrane compartment of endosomes and function as molecular switches, cycling between GTP (active) and GDP (inactive) forms, thereby regulating formation, transport, tethering, and fusion of transport vesicles as a general mechanism for regulating traffic between organelles. 58, 63 Early endosomes express Rab5, and most mammalian cells have three Rab5 isoforms, Rab5A, Rab5B, and Rab5C. 64, 65 Activation of these isoforms directly or indirectly via a network of interacting proteins (i.e., Rabex5, Gapex-5, Rin1, Rin2, Rin3, Als2, EEA1, and Rabinosyn-5) serves in sorting and decision-making processes. [65] [66] [67] TJ proteins accumulate in early endosomes as a first station after internalization. Several reports indicate that claudin-1, claudin-5, claudin-16, occludin, JAM-A, and ZO-1 accumulate in early endosomes in both epithelial and endothelial cells. 23, 25, 32, 40, 48, [68] [69] [70] [71] Their presence in early endosomes is closely associated with diminished barrier function (hyperpermeability). 32, 40, 47, 71 Furthermore, Rab5A depletion using small interfering RNA (siRNA) increased claudin-1 association with the plasma membrane in the human endothelial cell line EA hy.926 and also stabilized brain endothelial barrier function owing to an inability to further process internalized junction proteins. 72 
From the Rab5
+ early endosomes, cargo can be sorted in four potential directions: to recycling and degradation pathways, to a bulk-flow recycling pathway, and toward the TGN (Fig. 1) . However, how this sorting process occurs for TJ proteins is still unclear. There is a lack of evidence about specific binding motifs on TJ proteins that could recognize 
microdomains on the Rab5
+ endosomes, as well any specific regulatory and adaptor proteins associated with the junction protein-sorting process.
Studies on the function of Rab5 isoforms suggest that Rab5A and Rab5B are involved in sorting toward degradation pathways, while Rab5C is mostly involved in recycling. 65 Our preliminary study suggests that claudin-5 sorting could be associated with activation and interaction with the isoforms Rab5A and/or Rab5C, which have the ability to direct claudin-5 toward degradation or recycling pathways, respectively. Further studies should elucidate how decision-making processes on the fate of TJ proteins occur in the early endosome (Fig. 2) .
Recycling pathways for TJ proteins
One potential route in endocytic sorting is recycling. In general, recycling pathways can be fast and Rab4 dependent or slow and Rab8/Rab11 and ARF6 dependent. 13, 73 Each recycling route is a multistep process that depends on the cargo and its recycling capacity, based on the existence of a recycling motif on the C terminus (i.e., a PDZ barcode), an endosomal complementary domain, trafficking and transformation of Rab proteins (Rab4 and Rab11), promoters of the translocation carrier (i.e., nexin protein SNX4, SNX17, ACAP1 BA2R), or other members of the retromer complex (VPS26, VPS29, and VPS35) that are able to select and package cargo proteins into transport carriers that export cargo from the endosome. 12, 13, 73 The determination of a slow or fast recycling route is more dependent on the set of regulator proteins than on the cargo capacity and endosomal domain. 73 This suggests that the type of stimulus and the signaling pathways engendered in particular cell types may tightly regulate the outcome of endocytosis. In fibroblasts and epithelial cells, occludin can undergo continuous recycling. 40, [74] [75] [76] This is associated with a fast exchange between cytosol and membrane pools in steady-state conditions as well as during dynamic and rapid remodeling of epithelial polarity and TJs. 10 Similar to occludin, claudin-1 and claudin-2 show constant endocytosis and recycling back to the plasma membrane in a range of epithelial cells (kidney, colon, lung). 22, [77] [78] [79] Intriguingly, constitutive recycling of claudin-1 is dependent on endosomal sorting complex required for transport (ESCRT). 80, 81 ESCRT is known to be involved in the trafficking of transmembrane proteins to the lysosome, as well as other processes, including autophagy and TGN trafficking. 82 In kidney epithelial cells, claudin-16 recycling is dependent on Rab11 and STX8. 70 In contrast, in brain endothelial cells, the chemokine CCL2 induces claudin-5 and occludin accumulation in Rab4 and Rab11 vesicles, and there is fast and slow recycling back to the plasma membrane upon CCL2 removal in order to reseal TJs and recover barrier properties. 32 Consequently, inhibition of Rab4 or Rab11 vesicles via siRNA may prevent the recovery of the barrier and prolong hyperpermeability. 66 In the case of JAM-A, CCL2-induced vesicular accumulation predominantly occurs in Rab4 + but not in Rab11 + vesicles. This is associated with fast delivery to the cell apical surface (rather than the lateral membrane), where JAM-A gains a role as a leukocyte adhesion molecule.
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Late endosomes: a degradation route
Degradation is another sorting option. It is characterized by the movement of cargo toward late endosomes (Rab7 + , VPS34 + , focal high concentration enriched in LAMP1 and MLN64, enriched in CD63 and lysobisphosphatidic acid, mannose 6-phosphate receptor + , CD63 + ). 83, 84 The late endosomes are generated from early endosomes through a transformation process that includes an increase in luminal acidification, endosome movement from the cell periphery toward a juxtanuclear localization, and the switching of two key endosome identity cues--Rab5 to Rab7. 58, 83 Sorting of TJ proteins toward late endosomes has been reported in a few studies. In MDCK II cells, Rab14 sorts the pore-forming claudin claudin-2 to late endosomes and lysosomes, preventing claudin-2 inclusion in the TJ complex and barrier leakage. 77 In the same cell type, claudin-1 localization in late endosomes was associated with E3 ubiquitin ligase ligand of Numb-protein X1 (LNX1p80). 85 In brain endothelial cells, CCL2-induced endocytosis with claudin-5 and occludin was mostly associated with recycling (80%), while 20% was associated with Rab7. 34 An important mechanism closely associated with sorting toward late endosomes is ubiquitination. 86, 87 In order for cargo to be sorted by ubiquitination, the presence of ubiquitin (UB)-binding domains is critical, as is the escort complex formed by the ESCRT family of proteins (particularly ESCRT III) and Vps4. 88 These guide cargo along the degradation route to the lysosomes. 89, 90 A sorting pathway for occludin toward late endosomes and degradation has been reported. In retinal endothelial cells, occludin phosphorylation on Ser490 after vascular endothelial growth factor treatment is associated with ubiquitination and degradation, leading to subsequent vascular permeability. 71, 91 Similarly, a study by Traweger et al. reported that occludin is subjected to ubiquitination by the E3 ubiquitin protein ligase Itch and degradation by the proteasome, resulting in increased permeability after cAMP stimulation in Sertoli cells. 92, 93 Other sorting routes: bulk-flow recycling and the trans-Golgi network Bulk-flow recycling is characterized by narrow tubules with large surface area. Continuous fission and recycling of these tubules provide a geometric basis for nutrient receptors to be recycled to the cell surface during periods of exceptional need. 11, 12 Currently, there is no solid evidence regarding TJ recycling via the bulk-flow recycling pathway.
Endosome-to-TGN retrograde sorting is similarly complex, with contributions from clathrin in conjunction with adaptor proteins (AP1, PACS1, epsinR, and SNARE), and it is closely associated with biosynthetic processes. 94 Rab13 is implicated as being involved in TGN-endosome or endosome-TGN retrieval pathways. However, regarding the TJ proteins occludin and claudin-1, Rab13 is involved in recycling rather than endosome-to-TGN sorting. 74, 79, 95 There is currently no evidence that TJ proteins are recycled toward the TGN network.
Signaling pathways in endocytic sorting of TJ proteins
Multiple signaling pathways are involved in regulating the steps in TJ protein endocytosis. Cellular signaling events occur on internalization vesicles and endosome membranes, controlling both internalization and postinternalization sorting. While general principles of endosome-based signaling are emerging, the significance of signaling on the endocytic sorting process still remains poorly understood.
The intercellular signaling involved in internalization depends on the mechanism of uptake. In clathrin-dependent internalization, activation of MAP kinases (Mek/ERK1/2 in concert with Akt), protein kinase A (PKA) or protein kinase C (PKC), and RhoGTPase (RhoA-ROCK, Cdc42) plays critical roles in internalization and activation of signaling endosomes. [96] [97] [98] Regulators of caveolindependent internalization include MAP kinase ERK1/2 and p38, in concert with c-Jun N-terminal kinase (JNK) and PKC-␣, and small GTPase RhoA (RhoA, Rac1 Cdc42). [99] [100] [101] [102] In addition, several tyrosine kinases (c-Abl, Src, and Fyn) that phosphorylate caveolin-1 residue Tyr14 play critical roles in caveolae dynamics. 103, 104 Flotillin-mediated internalization is regulated predominantly by small Rho GTPases and the actin organization machinery. 105 Macropinosome formation is also tightly associated with actin organization, and Rac-GTPase-, myosin light chain kinase (MLCK)-, and Ras-dependent actin signaling is critical for this type of internalization. [105] [106] [107] However, recent evidence suggests that macropinocytosis could share some raft components, and raft-associated signaling may be additionally involved. 108 Postinternalization protein sorting includes a variety of signaling molecules that regulate recognition of compatible membranes and membrane fusion SNAREs, recruitment of cargo in endosomes (nexin SNX), ESCRT, and Rab GTPases. These are key regulators of vesicular trafficking between endosomal compartments. 11, 58, 60, 62, 82 Regarding TJ protein internalization and sorting, several signaling pathways are indicated. Occludin endocytosis in intestinal anoxia/reoxygenation injury and TNF-␣-and LIGHT-induced caveolae internalization are regulated by MLCK. 36, 41, 109 RhoA and Rho-associated kinase (ROCK) are key regulators of IFN-␥ -induced endocytosis of epithelial TJ proteins and JAM-A macropinocytosis, while c-JNK regulates caveolae-and clathrindependent endocytosis and macropinocytosis of occludin. 48, [110] [111] [112] The MAP kinase ERK1/2 modulates internalization and degradation of TJ proteins claudin-2, claudin-4, occludin, and ZO-1. 113 In TJ endocytic sorting, a recent study showed a close association between ZO-2 and SNX27 in an epithelial mpkCCD cell line, suggesting a role in endocytic pathways. 114 The RabGTPases have important roles in regulating TJ protein endocytosis. They include the Rabs associated with early endosomes, like Rab5, Rab4, and Rab11, as well as Rab7, associated with late endosomes where TJ proteins accumulate after internalization. 62, 63 It is also important to highlight one member of the Rab family, Rab13. In concert with JRAB/MICAL-L2, Rab13 regulates transport and delivery of TJ proteins at the lateral membrane, controlling TJ complex assembly. 79, 115 It should be noted that the pathways involved in modulating TJ protein endocytosis are also involved in regulating other epithelial and endothelial cell functions. For example, the MAP kinases ERK1/2 and JNK are involved in many cell stress responses. One goal of an in-depth understanding of the signaling that regulates TJ protein endocytosis and sorting is to elaborate ways whereby the potentially beneficial effects of manipulating signaling can be separated from potentially harmful effects (e.g., inhibiting ERK1/2 may stabilize TJs in disease states but also prevent other cellular protective effects).
Conclusions
Future characterization of the mechanism of endocytic sorting will provide important information about the dynamic behavior of TJ proteins and the molecular characterization of TJ regulation. A greater understanding of these processes may allow researchers to create methods to enhance barrier permeability, thereby increasing drug delivery to tissues (e.g., to the brain across the blood-brain barrier). In addition, knowledge of the mechanisms determining TJ recycling and degradation may provide methods of preventing barrier dysfunction in disease states (e.g., the blood-brain barrier disruption and associated brain edema and leukocyte infiltration that occurs in stroke).
